Introduction
============

It is well accepted by the scientific community that the physiological dimensional changes occur on the alveolar ridge after tooth extraction which is one of the most widely performed dental procedures \[[@rbv025-B1]\] and the resorption reaches a mean horizontal reduction of 3.79 mm and mean vertical reduction of 1.24 mm at 6th month \[[@rbv025-B6]\]. These height (corono-apical) and width (bucco-lingual) alterations in the alveolar bone cannot be prevented by implants placing immediately into the extraction sockets but reduce the level of the resorption \[[@rbv025-B3], [@rbv025-B7]\].

Bone graft materials are utilized to augment or maintain the space for bone regeneration. Various implant options are available to solve the issue of bone defects, and all the techniques have advantages and disadvantages \[[@rbv025-B8]\]. Currently, the number of bone substitutes that have all the characteristics and properties of autologous bone such as osteogenesis, osteoconduction and osteoinduction, with no inflammatory response and mechanical competence is zero \[[@rbv025-B12]\]. Synthetic calcium phosphate ceramic materials, for instance hydroxyapatite (HA), are widely used as bone grafts due to their similarity in the chemical composition of bone mineral matrix, resulting in superior biocompatibility, osteoconductivity and osteointegration properties, and the *in vitro* evaluation of HA showed the reduction of osteoclast and the increase in osteoblastic activity characterized by doubling in synthesis of alkaline phosphatase, osteocalcin and collagen (Col) type I \[[@rbv025-B13]\]. Additionally, Col has many advantages as a naturally derived biomaterial. It shows excellent biocompatibility, biodegradability and interconnected porous architecture but possesses poor load bearing capability \[[@rbv025-B14]\]. Both HA and Col had earned merit for bone regeneration as the enhanced of the bioactivity of the scaffold by providing a source of calcium and phosphate ions that could be used by osteogenic cells to create new bone.

In this study, we developed different composition ratios of nano-hydroxyapatite and collagen (NHAC) composites that have some features of natural bone in both composition and microstructure. These materials are the two major constituents of bone and a logical choice as the basis of a biomimetic scaffold capable of supporting and promoting bone regeneration \[[@rbv025-B15]\]. The first aim of this work was to test the efficacy of these systems in reducing the resorption of the alveolar bone. The second aim was to compare the level of early bone formation. The third aim was to acquire a deeper understanding of HA--Col scaffold interactions, ultimately leading to optimal scaffold design and contributing to the goal of safe and efficient therapies in the clinical.

Materials and methods
=====================

Study animals and ethics
------------------------

Eighteen healthy male beagle dogs (each ∼15 kg and a mean age of 18 months) were included in the experiment and randomly divided into three groups (Groups A, B and C). All the research protocols were approved by the ethical committee of Liaoning Medical University (Jinzhou, China).

Bone graft materials
--------------------

The NHAC composites were provided by Allgens Co. Ltd. (Beijing, China). The composite was prepared as described in previous publications \[[@rbv025-B16], [@rbv025-B17]\]. The parameters of the composites are listed in [Table 1](#rbv025-T1){ref-type="table"}. The theoretical constituent ratios of the NHAC composites were determined by residue on ignition. And the X-ray photoelectron spectroscopy was performed with a Thermo ESCALAB 250 (VG Scientific Co., UK) using monochromatic Al Ka radiation (1361.1 eV) as the excitation source. All spectra were acquired at a pass energy of 20 eV with the anode operated at 150W. The results were shown in [Fig. 1](#rbv025-F1){ref-type="fig"}. Figure 1.Comparison between the two NHAC composites with X-ray photoelectron spectroscopy spectra Table 1.The percentage of each component in weight and the parameters of the compositesPropertyNHAC 1NHAC 2HA/Col in weight3:75:5Porosity (%)85-9585-95Diameter of pore (μm)50-50050-500

Surgical protocol and animal subgroups
--------------------------------------

All surgical procedures were performed under general anesthesia by intramuscular injecting xylazine hydrochloride injection (0.1 mg/kg, Huamu Corp., Changchun, China). After disinfection of the surgical site with 1% providone-iodine solution, local anesthesia was provided (Articaine HCl 2% with epinephrine 1:100 000, Acteon Corp., Bordeaux, France) at the respective buccal and lingual sites by infiltration. The second premolars in both quadrants of the mandible were removed. Minimal displacement of the tissue was performed to expose the buccal and lingual alveolar bony plates. The bucco-lingual full thickness flaps were elevated. Both the mesial and distal roots of the sockets were used for implant placement. The sockets were irrigated with normal saline, dried with sterile gauze and filled carefully with the various graft materials to the marginal bony crest as [Fig. 2](#rbv025-F2){ref-type="fig"} and we had: Figure 2.Study design for Group I (yellow), Group II (green) and Group III (blue)

1.  Group I---HA: Col = 3:7 (12 sites)

2.  Group II---HA: Col = 5:5 (12 sites)

3.  Group III---control (no filling, 12 sites)

Postoperative management
------------------------

The soft tissue of the extraction site was coronally advanced and sutured closely. The CT scans were made for each animal (SOMATOM Spirit, SIEMENS, German) to measure the vertical distance around region of interest (ROI) immediately after the surgery. Post-surgical care including intramuscular administration of cefazoline sodium (North China Pharmaceutical Corp., Shijiazhuang, China) and daily topical dressing with 0.2% chlorhexidine solution (Retouch Corp., Dezhou, China) was applied. Daily inspections of the wounds for clinical signs of complications were also performed. All animals were placed on a soft diet for 10 days. The sutures were removed after 7 days.

Sacrifice
---------

Two animals from each group were euthanized, respectively, at 1, 3 and 6 months after the surgery applying an overdose of sodium thiopental and perfused with a fixative containing the mixture of 5% glutaraldehyde and 4% of formaldehyde.

Bone tissue morphometric measurement
------------------------------------

The vertical distance around the ROI of the alveolar bone was measured from the upper to the lower edge of the mandible to determine the resorption rate of hard tissue using slide caliper (GPI Co. LTD., Shanghai, China).

Radiographic examination
------------------------

High resolution X-ray tomography tests were performed on a 3D X-ray microscope (XRM, Xradia Versa XRM-500, Zeiss Corp., Oberkochen, Germany) to evaluate the newly formed bone. The typical size of the bone specimen demonstrated in [Fig. 3](#rbv025-F3){ref-type="fig"} was approximately 25 mm × 15 mm × 10 mm. The scanning voltage was 80 kV, and the exposure time was 1s. A total of 1600 projections were acquired while the specimen was rotated about 360°. The pixel size was 22.4814 µm. Then, the visualization and quantification of the newly formed bone were fulfilled on Avizo Fire (Visualization Sciences Group, FEI Corp., OR) image analysis software. The newly formed bone and buccal and lingual bone plate were displayed in different colors. The trabecular bone volume percentage and the bone porosity (BP) were also given. Figure 3.The alveolar bone around the extraction socket was cutting into a bone block that the size of it was approximately 25 mm × 15 mm × 10 mm. The black line represents the scan area

Biomechanical analysis
----------------------

Compression strength testing was carried out at 3 months post-surgical using a MTS testing machine (CMT 4304, MTS Systems Corp., MN). The rectangular bone blocks used in the compression tests were grinded into accurately 18 mm × 7 mm ×12 mm. The specimen was placed on a specially designed platform with a self-aligning function to ensure vertical compress. A pre-load of 40N with 30s of accommodation time followed by continuous and progressive load at a speed of 0.1 mm/min was applied. The first peak force (judged as the yield load in the force-displacement diagram) detected during the test was recorded as the ultimate strength.

Statistical analysis
--------------------

The results were reported as the mean and the standard deviation (mean ± SD). All statistical analyses were performed on a personal computer using SPSS, version 13.0 (IBM, Somers, NY). An alpha level of 0.05 was set as the desired significance level. Two-way analysis of variance was employed to assess the effects of two independent variables (bone graft and time period) and one-way analysis of variance was used to determine the effect of one independent variable (bone graft). When such interaction was significant, Student's *t*-test was performed to compare the effect in bone repairing between experimental proportions of each bone substitute.

RESULTS
=======

Clinical observations
---------------------

Healing was uneventful at all sites with no clinical signs of aberrant inflammation or other complications throughout the entire experimental period. All experimental sites were fully closed with the gingival epithelium though the regions of the extraction socket was depressed compared with the other tissue after two weeks.

Morphometric measurement
------------------------

Immediately after the surgery, the vertical distance of the alveolar bone was 18.67 ± 0.62 mm, 18.72 ± 0.75 mm and 18.39 ± 0.65 mm for Group I, Group II and Group III, respectively. At 1 month post-surgical, the height of mandible (corono-apical) in Group I was 16.84 ± 0.36 mm, the height in Group II was 16.68 ± 0.40 mm and in Group III was 15.95 ± 0.43 mm. No statistical differences were found among three groups (*P* \> 0.05). However, after 3 months, the height of alveolar bone exhibited for Group I (15.76 ± 0.28 mm), Group II (14.88 ± 0.36 mm) and Group III (13.77 ± 0.34 mm) which was decreased prominently. And after 6 months, the dimensions change into 14.83 ± 0.27 mm for Group I, 13.82 ± 0.36 mm for Group II and 12.36 ± 0.32 mm for Group III. The resorption of the ROI was increased (*P* \< 0.01) in comparison with that at 1 and 3 month postoperative ([Fig. 4B](#rbv025-F4){ref-type="fig"}). In addition, we observed a significant difference among the three groups (*P* \< 0.01) after 3 months. The hard tissue in Group I was the highest among all groups, whereas the severe resorption of alveolar bone occurred in Group III ([Fig. 4A](#rbv025-F4){ref-type="fig"}). And after 6 months, Group I resisted to the bone resorption and the minimal alveolar bone loss compared with 1 and 3 month postoperative. Figure 4.The dimensional changes of mandible of each group in different time periods. (**A**) Result of morphometric measurement among three groups in different time periods. \**P* \< 0.01; \*\**P* \< 0.01. (**B**) Result of morphometric measurement in different tine periods among three groups. \**P* \< 0.01

XRM analysis
------------

At first month after the surgery, we observed remarkable hard tissue alterations and the bone defect was clearly visible. The area of extraction socket was filled mainly by woven bone (immature) and a small amount of lamellar bone (mature) and the NHAC material was barely present in Group I and Group II ([Fig. 5A and B](#rbv025-F5){ref-type="fig"}). In Group III, the woven bone was recognized ([Fig. 5C](#rbv025-F5){ref-type="fig"}). Figure 5.The details of the specimens in the XRM examination at 1, 3 and 6 months. The specimens in different time periods were shown in different colors. (**A**) The specimen of Group I after 1 month. The area of extraction socket was filled by immature bone. The array of it was messy. (**B**) The specimen of Group II after 1 month. (**C**) The specimen of Group III after 1 month. The area of extraction socket was filled mainly by woven bone. (**D**) The specimen of Group I after 3 months. The newly formed bone had become compact. (**E**) The specimen of Group II after 3 months. (**F**) The specimen of Group III after 3 months. The mature bone had become more while the woven bone was still recognized. (**G**) The specimen of Group I after 6 months. The extraction socket was filled by mature bone. (**H**) The specimen of Group II after 6 months. (**I**) The specimen of Group III after 6 months. The woven bone and the mature bone were visible

At third month, the bone defect was still evident. In Group I and Group II, the graft material could not be identified, and the lamellar and woven bone was observed ([Fig. 5D and E](#rbv025-F5){ref-type="fig"}), although the bone defect was not completely closed. In Group III, woven bone, and, to a lesser extent, lamellar bone were observed ([Fig. 5F](#rbv025-F5){ref-type="fig"}).

At 6th month, in Group III, the defect areas were still visible. They were composed of woven bone, and the mature bone was also detected at the periphery of the cavity ([Fig. 5I](#rbv025-F5){ref-type="fig"}). The bone defect could hardly be detected in Group I and Group II ([Fig. 5G and H](#rbv025-F5){ref-type="fig"}).

The trabecular bone volume percentage and BP in different time periods are listed in [Tables 2](#rbv025-T2){ref-type="table"} and [3](#rbv025-T3){ref-type="table"}. Table 2.The trabecular bone volume percentage of each group in different time periods (%)Group1 Month3 Months6 MonthsI14.43 ± 0.7722.22 ± 0.4353.43 ± 0.57II14.27 ± 0.9620.25 ± 0.3650.60 ± 0.82III8.33 ± 0.9817.35 ± 0.5542.75 ± 0.44[^1] Table 3.The BP of each group in different time periods (%)Group1 Month3 Months6 MonthsI55.23 ± 0.6823.59 ± 0.8315.22 ± 0.98II55.01 ± 0.7327.61 ± 0.6119.01 ± 0.72III56.27 ± 0.7039.38 ± 0.7126.11 ± 0.77[^2]

Biomechanical analysis
----------------------

The average lengths of all bone blocks were, respectively, 18.7 ± 1.2 mm, 17.4 ± 1.0 mm and 17.9 ± 1.4 mm in Group I, Group II and Group III. The average widths of all bone blocks were, respectively, 6.8 ± 0.8 mm, 7.6 ± 0.5 mm and 6.9 ± 1.0 mm in Group I, Group II and Group III. The average heights of all bone blocks were, respectively, 12.7 ± 0.6 mm, 11.4 ± 1.0 mm and 11.9 ± 0.7 mm in Group I, Group II and Group III. The mean compressive forces were 3511.3 ± 148.6N for Group I, 3930.3 ± 92.1N for Group II and 3346.6 ± 174.3N for Group III. The mean displacements of failure compressive strength were 0.56 ± 0.01 mm for Group I, 0.62 ± 0.02 mm for Group II and 0.54 ± 0.01 mm for Group III. The results of three groups are listed in [Table 4](#rbv025-T4){ref-type="table"}. Table 4.The ultimate strength of each group in different time periods (MPa)GroupNo. 1No. 2No. 3No. 4MeanStandard deviation*FP*I25.1625.3324.5125.4125.10250.41160.5393\<0.01II30.1429.8131.2630.7930.500.65III23.0922.7923.6421.8422.840.75

Discussion
==========

To solve the problems associated with existing treatment regimen, researchers were trying to develop polymers, ceramics, metals, etc. \[[@rbv025-B7], [@rbv025-B11], [@rbv025-B18]\]. Any material considered for use as a bone substitute must meet the following requirements: (i) it must be fully biocompatible, (ii) it must be able to serve as an anchoring surface for host cells, (iii) it must have a porosity that allows osteoconduction and (iv) it must be progressively resorbed and replaced by new bone (creeping-substitution) \[[@rbv025-B10]\]. The materials used in this study were basically satisfying the above requirements.

The bone is a typical complex tissue with hierarchical structure that consists of approximately 70% of HA and 30% of Col by weight and water is the third elementary component (with the dissolved non-collagenous organic matter) \[[@rbv025-B22]\]. HA, as the main inorganic salt of bone, is the most studied calcium phosphate material ever since 1970s \[[@rbv025-B23], [@rbv025-B24]\]. The clinical use of HA materials, due to they are excellent carriers of osteoinductive growth factors and osteogenic cell populations, are mainly in the form of granules or blocks, depending on the bone defect to be filled. The solubility, biological and mechanical properties of HA materials depend on the crystal size, the ionic impurities, the specific surface area and the porosity \[[@rbv025-B25], [@rbv025-B26]\]. Unfortunately, the HA material is resorbed slowly and the large segments of it could remain in place for years. Furthermore, the Col protein is the major organic matter of the bone (predominantly type I) and it provides strength and toughness to the bone \[[@rbv025-B15], [@rbv025-B27], [@rbv025-B28]\]. As Col is easily degraded and resorbed, and its mechanical properties are relatively low, we have developed different composition ratios of HA-Col composites that are highly porous and easily remodeled by cells to make it efficient in repairing hard tissue defects.

In this study, the dimensional alterations of alveolar ridge with using the NHAC materials in extraction sockets were significant less than that without using the materials after 3 months and the height of mandible in Group I was higher than that in Group II. Despite the fact that the present experiment clearly demonstrated that the implantation of the NHAC materials did not prevent the resorption of the alveolar ridge, the benefit of materials to the newly formed bone is obviously and there is a significant difference in the effect between the two ratios of the materials. This discrepancy could be partially explained by the properties of enhance osteoblast differentiation \[[@rbv025-B29]\]. In this study, we chose the XRM examination because this technique has many advantages including high spatial resolution, multiscale imaging, non-destructive three-dimensional visualization and quantification \[[@rbv025-B32]\]. The structure of the NHAC scaffold is an interspersed composite of HA nanoparticles and Col fibers \[[@rbv025-B35]\], and the Col component is arranged in a triple-helical conformation. The calcium ions promote the adhesion of bone cells and stimulate its subsequent activity, and the composites show the high percentage on the alkaline phosphatase activity \[[@rbv025-B30], [@rbv025-B31]\]. And the scaffolds have a more reasonable degradation rate. The results of XRM analyses ([Figs 6 and 7](#rbv025-F6){ref-type="fig"}) are in agreement with those from other report on experimental studies on implants placed into extraction sockets in dogs that have shown a limited improvement in bony crest preservation compared to untreated sites \[[@rbv025-B36]\]. They indicated the high osteoconductivity and bioactivity of the NHAC materials and the material with more HA would decrease the quantity of the new formed bone. The Col fiber provided the path for the osteoblast cells to creep into the materials and then replace them. However, the non-absorbable of HA would reduce the effect of replacement for osteoblast cells. To overcome the limitations of HA, a more efficient strategy would be to reduce the content of HA, which, if properly chosen, would assist with both the HA and the Col to the integration with the surrounding tissue \[[@rbv025-B37]\]. Figure 6.The trabecular bone volume percentage of each group in different time periods. (**A**) The trabecular bone volume percentage among three groups in different time periods. \**P* \< 0.01; \*\**P* \< 0.01. (**B**) The trabecular bone volume percentage in different tine periods among three groups. \**P* \< 0.01 Figure 7.The BP of each group in different time periods. (**A**) The BP among three groups in different time periods. \**P* \< 0.01. (**B**) The BP in different time periods among three groups. \**P* \< 0.01

One noteworthy observation was that the ultimate strength of the specimens with the NHAC material was significant stronger than those without materials. Composites behaved mechanically in a superior way to the individual components. Although the quality of cortical and trabecular bone can be classified according to the elastic properties which depend on the bone density and the relative bone density \[[@rbv025-B38], [@rbv025-B39]\], the results of the present experiment indicated that the maximal strength of the alveolar bone with the NHAC materials was associated to the component proportion and property of the materials. The ductile properties of Col help to increase the poor fracture toughness of HA, and the addition of calcium phosphate compound gave higher stability and load bearing capability to the Col \[[@rbv025-B18], [@rbv025-B40]\]. In addition, a confounding factor cannot be ignored is that the compressive strength of normal mandible bone around the ROI. Therefore, we tried to grind the bone blocks into the size exactly. And the individual differences in morphology or geometry can be problematic in cadaveric experiments \[[@rbv025-B41]\], the affects about the size and geometry of the bone blocks in the compressive test should be investigated in future studies.

Conclusion
==========

This study demonstrated the effect on biological and mechanical properties of the NHAC materials and compared the effects among different ratios in repairing the extraction socket. The ratios in weight of each component are important. The NHAC composite with a Col-more proportion could express the potential of fast bone tissue formation; in contrast, the mechanical property could be relatively poor and vice versa. An ideal composition ratio for the NHAC composite material could reduce the influence of physiological dimensional changes occurred on the alveolar ridge.
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[^1]: There was no statistical difference between Group I and Group II (*P* \> 0.05), whereas both of them were greater than Group III (*P* \< 0.01) at 1month. The trabecular bone volume percentage of all groups had increased (*P* \< 0.01). And there was a significant difference among all three groups after 3 months (*P* \< 0.01).

[^2]: There was no statistical difference among three groups at 1 month (*P* \> 0.05). The BP had decreased during the experimental period (*P* \< 0.01). And there was a significant difference among all three groups after 3 months (*P* \< 0.01).
